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In the GAMMA 10 tandem mirror @M. Inutake et al., Phys. Rev. Lett. 55, 939 ~1985!#, plasmas with
a high beta value ~ratio of plasma pressure to magnetic pressure! are produced by using an ICRF
~ion cyclotron range of frequency! heating. Magnetic field fluctuations identified as an Alfve´n ion
cyclotron ~AIC! mode are excited with strong dependence on a perpendicular beta value and a
temperature anisotropy T'/T i ~a ratio between the temperatures perpendicular and parallel to the
magnetic field line!. Spatial structures and excitation conditions of the AIC mode are experimentally
studied. AIC modes are spontaneously excited as axial eigenmodes, of which boundary is
determined by the reflection point in anisotropic plasmas. The AIC mode in the GAMMA 10 is
observed well below the theoretically predicted threshold. © 1996 American Institute of Physics.
@S1070-664X~96!00812-9#
I. INTRODUCTION
An Alfve´n ion cyclotron mode ~AIC! is one of the mi-
croinstabilities that are driven by an anisotropy of the ion
distribution function. Theoretical studies of the AIC mode
have been made by many researchers.1–8 In comparison with
the theoretical studies, experimental studies in a laboratory
are less advanced because of difficulties in producing plas-
mas with strong anisotropy and in measuring high-frequency
magnetic fluctuations in a hot plasma.9–13 Deterioration of
plasma confinement, particularly in mirror devices, is con-
cerned because fluctuations associated with the AIC mode
may induce a diffusion in the velocity space. That is, ions are
scattered into a loss cone in a time scale shorter than a Cou-
lomb collision time.14,15 Thus, it is of a crucial importance to
study AIC modes in a tandem mirror. The first experimental
observation of the AIC modes was made in the end-cell plas-
mas of the TMX ~Tandem Mirror Experiment! device,11,16
which were produced by perpendicularly injected high-
energy neutral beams, and degradation of the confinement
was reported. Stabilization of the AIC mode was achieved in
the TMX-U device by reducing anisotropy with an oblique
injection of a neutral beam. The AIC mode was also ob-
served in the ion cyclotron range of frequency ~ICRF! heated
central-cell plasma of the TARA tandem mirror.17 The crite-
rion between the absolute and convective instabilities is
theoretically predicted and is approximately given by6
b'S T'T i D
2
>3.5. ~1!
Here, b' is a plasma beta value and T' and T i are tempera-
tures perpendicular and parallel to the magnetic field line,
respectively. In the TARA experiments, it has been noted
that the experimentally observed threshold is in agreement
with the theoretical criterion. Recently, magnetic fluctuations
due to the AIC mode have also been observed in an ICRF-
heated central cell plasma of the GAMMA 10 tandem mir-
ror. The stability threshold of the AIC mode experimentally
observed in GAMMA 1015 is given by
b'S T'T i D
2
>0.3. ~2!
As described in the previous paragraph, according to the
conventional theory for infinite and uniform plasmas, a con-
vective AIC mode is not expected to grow into an observable
fluctuation level in a finite length in the region of
b'(T'/T i)2,3.5.
In order to understand the experimental situation in the
GAMMA 10, fine structures of the AIC mode are obtained in
radial, azimuthal, and axial directions. From the axial wave
number measurements, it becomes clear that the AIC mode
has both a standing wave region and a propagating region in
the axial direction. The observed AIC mode has the form of
an eigenmode with boundaries in the axial direction. The
outline of this paper is as follows: The experimental setup is
described in Sec. II. The identification and the spatial struc-
tures of the AIC mode are presented in Sec. III. Some dis-
cussions and a conclusion are given in Sec. IV and in Sec. V.
II. EXPERIMENTAL SETUP
The GAMMA 10 is an axisymmetrized tandem mirror
with a thermal barrier.18 The GAMMA 10 consists of five
mirror cells, which are a central cell, minimum-B anchor
cells, and plug/barrier cells at both ends. The length of the
central cell between mirror throats is 5.8 m and the diameter
of the stainless-steel vacuum vessel is 1 m. Magnetic field
strength at the midplane of the central cell is 0.41 T and the
mirror ratio is 5 in a standard mode of operations. A limiter
with a diameter of 0.36 m is set near the midplane. The
anchor cells are located adjacent to the central cell and con-
sist of minimum-B mirror fields produced by baseball seam
coils. The anchor cell is so named since it is the stabilizing
anchor cell for the magnetohydrodynamically ~MHD! un-
stable central-cell plasma. The magnetic field strength is 0.61
T in the midplane of the anchor cell and the mirror ratio is 3.
The plug/barrier cells are located at both ends of the
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GAMMA 10, where a thermal barrier and a plug potential
are produced. The base pressure is less than 531028 Torr. A
typical plasma density is 331018 m23 on the axis. An aver-
aged ion temperature is larger than 1.0 keV and an electron
temperature is about 100 eV. Because the electron tempera-
ture is much lower than the ion temperature, a diamagnetic
loop signal is dominated by an ion pressure.
Figure 1 shows an axial profile of the magnetic field
strength in the central and the anchor cells. Locations of
diagnostics and heating systems are also shown in Fig. 1.
Two kinds of ICRF antennas are installed near the mirror
throats in the central cell. One kind is the so-called
NAGOYA TYPE-III antennas,19 which are installed at
z52.2 m, where the mirror ratio R is 1.6. The other kind is
the conventional double half-turn antennas that are installed
at the location of z561.7 m, where R51.1. These antennas
are driven by two different frequencies of 9.6 and 6.2 MHz.
The frequency of 9.6 MHz, corresponding to an ion cyclo-
tron frequency near the midplane of the anchor cell, is re-
quired for producing and sustaining plasmas.20 A compres-
sional Alfve´n wave launched from the NAGOYA TYPE-III
antenna propagates through a flux tube with an elliptical
cross section between the anchor and central cells and is
converted into a shear Alfve´n wave.21 The converted shear
Alfve´n wave is damped in the ion-cyclotron resonance layer
in the anchor cell. Therefore, a high-beta plasma is main-
tained in the anchor cell, which assures MHD stability of the
GAMMA 10 tandem mirror plasma. The frequency of 6.2
MHz, corresponding to an ion-cyclotron frequency near the
midplane of the central cell, is required for the central-cell
ion heating. A plasma is initiated by injecting a short pulse
~1 ms! gun-produced plasma from each end and is sustained
by applying ICRF power in combination with a hydrogen gas
puffing in the central cell. The total radiated power of ICRF
antennas is typically 150 kW with a duration of 50 ms. Tem-
perature anisotropy is measured by using a diamagnetic loop
array.22 Three diamagnetic loops are installed at the locations
of z520.33 m, z521.5 m, and z51.95 m from the central-
cell midplane. Mirror ratios at the location of each diamag-
netic loop are 1.008, 1.077, and 1.264, respectively. Each
diamagnetic loop is named as the midplane loop W1 , the
second loop W2 , and the third loop W3 , as shown in Fig. 1.
From diamagnetic signals measured by the loop W2 and an-
other installed at the location of z51.5 m, it is confirmed that
an axial pressure profile of the central cell is symmetric with
respect to the midplane. Magnetic fluctuations generated in
plasmas are mainly measured by using small pickup coils
with 2 mm in radius. These magnetic probes measure both r
and u components simultaneously. Signals of the magnetic
probe are digitized in eight bits by two channels of a fast
Analogue/Digital converter with 100 MHz sampling. By us-
ing a conventional fast Fourier transform ~FFT! method, sig-
nals are converted into the frequency spectra. Cross correla-
tions between two probe signals are analyzed. Magnetic
probe arrays both in the axial and azimuthal directions are
also used. Probe measurements are mainly limited in periph-
eral plasma regions in order to avoid disturbances due to the
probe insertion. In fact, when the probes are inserted, reduc-
tions of both plasma pressures and amplitudes of AIC modes
are observed. A radial profile is measured near the mirror
throat of the central cell, where a disturbance of the magnetic
probe to the core plasma is minor compared to measurements
near the midplane. Recently, AIC modes were successfully
observed by using a reflectometer system in the GAMMA 10
experiment.13 Experimentally observed dependences of the
AIC amplitude on the beta and temperature anisotropy by
use of the reflectometer agree with those obtained from mag-
netic probe signals.
III. OBSERVATION OF AIC MODES AND THEIR
SPATIAL STRUCTURE
A typical time evolution of a line density, diamagnetic
signals, and rf input power are shown in Figs. 2~a!–2~c!. The
rf input power includes a power loss by the circuit. A dis-
charge is initiated by injecting a plasma from a plasma gun.
Then, a rf power of 9.6 MHz for producing and sustaining a
plasma is launched, as indicated by a dotted line in Fig. 2~c!.
FIG. 1. The axial profile of magnetic field strength in the central and anchor
cells of GAMMA 10. The locations of diagnostics are also shown.
FIG. 2. Typical time evolutions of ~a! an electron line density, ~b! a dia-
magnetic loop signal in the central cell, and ~c! supplied rf power of 6.2 and
9.6 MHz. The midplane loop signal is represented by W1 , the second loop
signal W2 , and the third loop signal W3 . A supplied power to the double
half-turn antenna for ion heating ~6.2 MHz! in central cell is modulated
down from 25 through 35 ms.
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When rf power of 6.2 MHz for heating is launched, diamag-
netic loop signals begin to increase. The differences among
the diamagnetic signals W1 , W2 , and W3 comes from local-
ization of a plasma pressure, that is, a temperature anisot-
ropy. Hot ions accelerated by the rf field are localized near
the midplane where an ion cyclotron resonance layer exists.
A line density is measured by the microwave interferometer.
After the line density and the diamagnetic signals have
reached a steady state, the rf input power is reduced over a
10 ms period. The line density slightly decreases and the
diamagnetic loop signals decreases mainly due to the reduc-
tion of the ion temperature. By varying the modulation rate
of the rf power, a characteristic curve for the ion heating in
the central cell is taken. Figure 3 shows a rf power depen-
dence of b' and T'/T i , where a product of the density on
the axis and the radially averaged temperature are used in
evaluating b' . A parabolic radial profile is also used. The
temperature anisotropy T'/T i is evaluated by using the dia-
magnetic loop array. The rf radiated power is defined by the
rf input power minus the circuit loss power. The value b'
increases almost linearly with the rf power. Temperature an-
isotropy also increases with the rf power and reaches about
14 at the rf radiated power of 100 kW and then saturates for
a higher rf radiated power. The observed anisotropy should
be large enough to induce microscopic instabilities driven by
the strong temperature anisotropy and the high plasma beta
value. Figure 4 shows a typical frequency spectrum of a u
component of the magnetic fluctuations obtained from the
FFT analysis of the probe signal. Peaks at 6.2 and 9.6 MHz
in the figure correspond to the frequencies that are externally
applied by the rf antennas. The peaks of 5.6–5.9 MHz are
spontaneously excited modes. This fluctuation is observed
only when both the anisotropy and the plasma beta value are
relatively high. Frequencies of the fluctuations are below the
ion cyclotron frequency at the midplane. There are some
discrete peaks in the frequency spectrum. Frequency differ-
ences between the two adjacent spectral peaks become nar-
rower on the higher-frequency side than those on the lower-
frequency side, as shown in Fig. 4. The frequency of the
fluctuation depends on the strength of the externally applied
magnetic field in the range from 0.3 to 0.6 T, as shown in
Fig. 5, where the applied frequency is varied proportional to
the magnetic field strength. The measured pressure profiles
have a peak in the midplane of the central cell. The solid line
indicates the ion cyclotron frequency for the minimum
strength of the magnetic field in the central cell. Broken,
dotted–broken, and dotted lines correspond to frequencies of
0.9Vci , 0.85Vci , and 0.8Vci , respectively. Here, Vci is the
ion cyclotron frequency in the midplane. The frequency of
the generated mode is slightly below the ion cyclotron fre-
quency in the midplane. This dependence agrees well with
studies that predicted a dispersion relation for the AIC mode.
Figure 6 shows a wave structure in the azimuthal direc-
tion. The azimuthal mode number m is measured by mag-
netic probe arrays azimuthally distributed at z50.3 m and
measuring the radial component br of the fluctuations. Four
FIG. 3. Radiated power dependence of b' and T'/T i that are evaluated
from the signals of a diamagnetic loop array.
FIG. 4. Typical frequency spectrum of the magnetic probe signal.
FIG. 5. The magnetic field dependence of the frequency of generated
modes.
FIG. 6. Phase differences among signals of the magnetic array azimuthally
placed.
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magnetic probes are located on the azimuthal angles of 0°,
22.5°, 45°, and 90°. The observed fluctuations have an azi-
muthal mode number of m521 or 22. This means that the
fluctuations propagate in the ion diamagnetic direction. As
indicated in Fig. 4, several peaks are observed in the fre-
quency spectrum. These discrete modes all have a similar
azimuthal structure.
Figure 7 shows radial profiles of each mode that are
measured at the mirror throat of the central cell. Because
ions are accelerated up to a high energy of several keV and
are trapped near the midplane of the central cell, most of the
high-energy ions cannot reach the mirror throat. Therefore, a
disturbance due to insertion of the probe at the throat region
is small. The frequencies of each mode are ~a! f>5.50 MHz,
~b! f>5.55 MHz, ~c! f>5.65 MHz, and ~d! f>5.75 MHz.
The amplitude profiles of the radial component br as well as
the azimuthal component bu are plotted in Fig. 7. The fluc-
tuation amplitude are larger in the core region than that in the
edge region. This means that the observed modes have the
property of body waves and not of surface waves. Polariza-
tion profiles that are calculated from the phase difference
between br and bu components are shown in Fig. 8. The
polarization in the figure is defined as follows:
PL5
ubLu2
ubLu21ubRu2
and PR5
ubRu2
ubLu21ubRu2
, ~3!
where
bL5
br1ibu
2 and bR5
br2ibu
2 . ~4!
Here PL indicates a fraction of a square of a magnetic fluc-
tuation amplitude with a left-handed polarization. Figure 8
shows that the left-handed polarization dominates in the core
region of plasmas while the right-handed polarization domi-
nates in the outer region for all discrete modes. This result is
consistent with the fact that an AIC mode is a shear Alfve´n
wave branch caused by free energy for an anisotropic pres-
sure distribution.
The wave structure in the axial direction is evaluated
from phase differences between signals of two magnetic
probes set along the magnetic field line. An AIC driving term
is theoretically given by b'(T'/T i)2. Figure 9 shows an axial
wave number k i as a function of the AIC drive term, where
k i is evaluated from the phase differences. It indicates that
phase differences depend on the AIC driving term and con-
verge to zero with the increase in the AIC driving term. The
value of the driving term where the phase difference be-
comes zero is smaller at the position of z50.3 and 0.9 m
nearer to the midplane than that at z521.12 and 21.28 m.
The zero phase difference suggests a standing wave struc-
ture. The region for the standing wave expands in the z di-
rection with an increase of the AIC driving term. Figure 9
also suggests that the AIC mode has two regions along the
magnetic field line: one is a standing wave region near the
midplane and the other is a propagating wave outside the
standing wave region. This type of Alfve´n wave structure
FIG. 7. The radial profile of the amplitude of each discrete peak in the
frequency spectrum ~a! 5.50 MHz, ~b! 5.55 MHz, ~c! 5.65 MHz, and ~d!
5.75 MHz. Closed and open circles indicate radial and azimuthal compo-
nents of magnetic fluctuations, respectively.
FIG. 8. The radial profile of the polarization for each discrete peak.
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has been observed in single mirror experiments with balloon-
ing instabilities.23 From the measurements of the wave struc-
ture in the r , u, and z direction, each mode is excited as an
eigenmode that satisfies the boundary condition in the z di-
rection.
IV. DISCUSSIONS
As predicted in the previous section, observed AIC
modes have an axial structure. The dispersion relation of the
AIC mode in an infinite and homogeneous plasma is written
as follows:24
D~k ,v!5k2c22v21 (j5e ,i Vp j
2 x j~k ,v!50, ~5!
where Vp j is the plasma frequency, k is the axial wave num-
ber, v is the frequency of the AIC mode, and xj is the plasma
susceptibility @see Ref. 24, Eqs. ~6!–~11!#. Suffixes i and e
denote ions and electrons. Figure 10 shows a typical disper-
sion relation of the AIC mode that is obtained by solving Eq.
~5! with respect to the real wave number kr , with the tem-
perature anisotropy of 12.5 and b' of 0.007. The maximum
growth rate [v i/Vci]MAX is defined as a peak value of the
imaginary part of the frequency normalized by the cyclotron
frequency, which is shown by a dotted–broken line in Fig.
10. The maximum growth rate increases with b' and tem-
perature anisotropy. In the region of the absolute instability,
that is, b'(T'/T i)2.3.5, an initial perturbation continuously
grows until a nonlinear saturation occurs and the group ve-
locity vg becomes zero. On the other hand, in the convec-
tively unstable region where b'(T'/T i)2,3.5, the amplitude
of the instability is determined by the system length. A typi-
cal group velocity vg of the AIC mode with the maximum
growth rate [v i/Vci]MAX is around 33106 m/s. The propa-
gation time of the mode from the generation point to the
observation point is about 0.4 ms. Because a growth time of
the AIC mode is several tens ms, the amplitude of the fluc-
tuation should not become large enough for detection. In
GAMMA 10, however, the AIC mode is observed in the
region b'(T'/T i)2.0.3. This indicates that an AIC mode
can grow to a detectable level in the convectively unstable
region for an infinite and a uniform system.
As shown in Fig. 4 and described previously, the fre-
quency spectrum of the AIC mode has discrete peaks. The
number of peaks and the frequency of each peak depend on
FIG. 11. A time evolution of the frequency spectrum of the AIC mode.
FIG. 9. Axial wave numbers evaluated from phase differences of two mag-
netic probes located at z521.12 and 21.28 m and at z50.3 and 0.9 m,
which are plotted by solid and open circles, respectively.
FIG. 10. Dispersion relation of the AIC mode derived from Eq. ~5!. The
maximum growth rate is shown by a dotted-broken line.
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the plasma parameters. In an initial start-up phase, the tem-
perature, density, and temperature anisotropy temporally in-
crease. Temporal variations of the number of peaks and of
the frequency of each peak in the start-up phase are clearly
seen in Fig. 11. The frequency of the AIC modes shifts to-
ward the higher-frequency side mainly due to an increase in
a b value. A new peak appears in the low-frequency side.
Figure 12 represents the AIC driving term’s dependence on
the normalized frequency of the spectral peaks. Plotted
points are experimentally obtained. The frequency difference
between peaks becomes narrower and the number of the
eigenmode increases with the AIC driving term. Figure 13~a!
shows the AIC driving term’s dependence on the reciprocal
of the temperature anisotropy t and b' , which are replotted
from the data in Fig. 3. As shown in Fig. 13~a!, an inverse of
the anisotropy is almost constant in the region of
b'(T'/T i)2.0.8. Because the temperature anisotropy is al-
most constant, the increase in the AIC driving term in the
region of b'(T'/T i)2.0.8 must be due to the increase in b' .
Figure 13~b! shows the estimated axial profiles of the AIC
driving term for different values of the driving term, as indi-
cated by lines ~I! and ~II! in Fig. 13~a!. As described in the
previous section, the location of the reflection point varies,
depending on the driving term. When the axial profiles of the
AIC driving term are ~I! and ~II!, the reflection points happen
to be near the magnetic probes, which are installed at z50.90
m and z51.28 m in Fig. 9, respectively. Hence, the boundary
length is determined as 1.8 and 2.6 m with respect to ~I! and
~II! profiles. The critical values of the AIC driving term at
the reflection point experimentally obtained are around 0.5 in
both cases of lines ~I! and ~II!. The approximated critical
value of 0.5 is indicated by the broken-dotted line in Fig.
13~b!. The critical value of the AIC driving term of 0.5 is
consistent with the stability threshold of the AIC mode that
is experimentally obtained in GAMMA 10. When a reflec-
tion point appears in the plasma, a standing wave should be
formed and excited modes become detectable. Analysis in-
cluding the inhomogenites in the axial direction is needed for
interpretation of the mode excitation. It has been calculated
in the previous theoretical work25 that inhomogeneities in the
axial direction work for stabilization of the excited modes
rather than for destabilization. In the GAMMA 10 experi-
ments, existence of a reflection point is clearly suggested;
however, the mechanism of the reflection and an efficiency
of the reflection is still unknown. A new model for the exci-
tation of the AIC mode in a plasma with an axial inhomoge-
neity is needed.
V. CONCLUSION
Alfve´n ion cyclotron ~AIC! modes are observed in the
ICRF-heated central-cell plasma of the GAMMA 10 tandem
mirror. The modes have several discrete frequency peaks in
the range slightly below the ion cyclotron frequency in the
midplane of the central cell. The frequency spectrum de-
pends on both beta-value and temperature anisotropy. The
spatial structures of the mode are measured precisely and are
summarized as follows.
~1! The mode propagates in the direction of the ion diamag-
netic drift and has the low azimuthal mode number of
21 or 22.
~2! The radial profile of the amplitude is peaked in the core
region of the plasma and the left-handed circular polar-
ization is dominant in the core region, while the right-
handed circular polarization is dominant near the edge
region.
FIG. 12. An AIC driving term’s dependence on the frequency of each dis-
crete peak.
FIG. 13. ~a! Dependence of the AIC driving term on beta values and on a
reciprocal of temperature anisotropy. For the parameter of ~I! and ~II!, the
boundary for the AIC eigenmode occurs near magnetic probes at z530 and
90 cm and at z52112 and 2128 cm. ~b! An axial profile of the AIC driving
term are evaluated for parameters of ~I! and ~II!. The dotted line is the
magnetic field strength. The broken-dotted line is the AIC driving term of
0.5, which corresponds to parameters of a reflection point of the AIC mode.
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~3! The modes have a standing wave structure in the axial
direction in the inner region near the central-cell mid-
plane and a propagating wave structure in the outer re-
gion. The extension of the standing wave region depends
on the amount of the AIC driving term.
~4! Each discrete peak of the AIC mode has a similar struc-
ture in both the azimuthal and radial directions.
~5! The AIC mode is excited as an eigenmode in the axial
direction. The location of the boundary is experimentally
determined. However, it varies with plasma parameters,
and the mechanism of the reflection is still unknown.
The threshold for the mode detection can also be ex-
plained by the existence of a reflection point.
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